Introduction
Progressive granulomatous tissue destruction of the midface and the upper airways is most commonly caused by Wegener granulomatosis (WG) or malignancies such as natural killer (NK)/T-cell lymphomas and, to a lesser extent, cocaine abuse or infections. 1, 2 The hallmark pathologic finding of destructive midline granulomatous (DMG) disease is caseating granulomas characteristically involving the nose, sinuses, palate, and upper airways, especially the subglottis. Although WG usually includes renal involvement and circulating antineutrophil antibodies (ANCAs), local nasopharyngeal WG without associated antibodies occurs. 3 Standard therapy for these diseases involves immunoablative chemotherapy to halt disease progression, in contrast to immunosupportive measures required to treat primary immune deficiencies. We describe in this report the first patient with clinical manifestations of a WG-like destructive midline granulomatosis with underlying novel compound heterozygote mutations in Rag1.
The recombination activation genes, Rag1 and Rag2, perform a critical role in the somatic rearrangement and assembly of the modular genes for variable (V), diversity (D), and joining (J) gene segments of immunoglobulins and of antigen receptor genes. [4] [5] [6] After binding to conserved recombination signal sequences (RSSs) that flank individual V, D, or J gene segments, the Rag1/2 complex introduces a nick in the DNA, followed by formation of a coding end hairpin. Nonhomologous end joining DNA repair then takes place to generate the diverse VDJ contiguous regions that are essential for defense against many different pathogens. In addition to initiating the double-strand DNA breaks, the Rag complex stabilizes recombination intermediates to promote repair and editing of the modified genes. 6, 7 Rag proteins are indispensable for lymphocyte development and differentiation, and defects in Rag manifests as T-and B-deficient severe combined immunodeficiency (T-B-SCID) or Omenn syndrome (OS) in infancy. These syndromes are characterized by early-onset profound deficiency in T and B cells for SCID and by early-onset erythroderma, hepatosplenomegaly, eosinophilia, and hyper immunoglobulin E (IgE) in OS.
In stark contrast, our patient presented for evaluation of a DMG process at 14 years of age with normal numbers of CD3 ϩ T and CD19 ϩ /CD20 ϩ B cells and with normal total IgG levels. Evaluation in subsequent years showed dysregulated hyperinflammatory responses with appearance of new granulomatous lesions after environmental or viral triggers. This report further extends the clinical spectrum of Rag mutations, and our data support the view that, in addition to susceptibility to infections and autoimmunity, hyperinflammation is an important component of Rag deficiency and may be the primary clinical manifestation leading to diagnosis when lymphocyte counts are normal. Hypomorphic Rag mutations should be considered in "idiopathic" destructive granulomatous disease.
Methods
The subjects were enrolled on protocol 05-I-213 approved by the National Institute of Allergy and Infectious Diseases institutional review board. All investigations were conducted and informed consent obtained from all subjects in accordance with the Declaration of Helsinki.
Flow cytometric analysis
Peripheral blood was stained on ice with fluorochrome-conjugated monoclonal antibodies for 30 minutes, then erythrocytes were lysed by treatment with BD fluorescence-activated cell sorting (FACS) Lysing Solution (Becton Dickinson) for 10 minutes. 8 Monoclonal antibodies used include anti-CD3, -CD4, -CD8, CD16, -CD19, -T-cell receptor ␣/␤ (TCR␣/␤), -TCR␥/␦ (Becton Dickinson) and human leukocyte antigen-A, -B, -C (BD PharMingen). Foxp3 monoclonal antibody was used per manufacturer's instructions (eBioscience). Analysis of the TCR V␤ repertoire of the lymphocytes by FACS (TCR V␤ Repertoire Kit; Beckman Coulter) was also performed with cells costained for CD4-allophycocyanin and CD8-phycoerythrin-cyanine 5 (BD PharMingen).
V␤ immunoscope (spectratype)
CDR3 size spectratyping was performed to analyze the TCR repertoire as previously described. 9 Briefly, RNA was extracted from peripheral blood mononuclear cell (PBMC) samples (1-5 ϫ 10 6 cells/sample) with the use of STAT60 (Teletest) and reverse transcribed to cDNA with Superscript III (Invitrogen), which served as a template for 24 polymerase chain reactions (PCRs) with the use of previously described primers for the CDR3 region. 10 The amplified products were analyzed by capillary electrophoresis and GeneScan software (Applied Biosystems Inc). For sequencing, the PCRamplified products were ligated to cloning vector (TOPO TA Cloning for Sequencing Kit). DNA isolated from colonies were amplified with the respective forward or reverse primers for the V␤ family (CEQ Terminator Cycle Sequencing Quick Start Kit; Beckman Coulter), and the products were analyzed on the CEQ8000 sequencer (Beckman Coulter).
Immunohistochemical analyses
Formalin-fixed paraffin embedded tissue sections from patient P's thymectomy and from normal thymic biopsies obtained anonymously from patients who underwent surgery for cardiovascular defects were stained with hematoxylin and eosin (H&E) or specific antibodies as described below in this section. Antigen was retrieved by heating slides before incubation with the primary antibody. The ChemMATE Envision Rabbit/ Mouse (Dako) or Super-Sensitive Detection System (Biogenex) followed by diaminobenzidine/hydrogen peroxide, and hematoxylin counterstaining was used to visualize the signal. The following primary antibodies and reagents were used: rabbit polyclonal anti-CK5 (1:50; Covance), rat monoclonal anti-CK8 (1:200; clone TROMA-1; kindly provided by U.H. von Andrian, Harvard Medical School), rabbit polyclonal anti-claudin 4 (1:100; Zymed Laboratories), monoclonal mouse anti-Aire (1:5000; kindly provided by P. Peterson, University of Tartu), and biotin-conjugated Ulex Europaeus Agglutinin-1 (1:600; Vector Laboratories), all as markers of medullary thymic epithelial cell (TEC) maturation; mouse-anti-CD208/DC-LAMP (1:100; clone 104.G4; Immunotech), monoclonal mouse antiCD11c (1:30; Novocastra Laboratories LTD), monoclonal mouse anti-CD303/BDCA2 (1:50; Dendritics), and polyclonal rabbit anti-S100 (1: 5000; Dako Cytomation), as markers of dendritic cells (DCs); monoclonal rat anti-Foxp3 (1:200; eBioscience) to identify natural regulatory T cells. Images were acquired with the use of CellF imaging software (Soft Imaging System GmbH), Adobe Photoshop Version 7.0 with an Olympus DP70 camera and BX60 microscope using U plan Apochromat 10ϫ, 20ϫ, and 40ϫ lenses.
Sequence analysis
Genomic DNA was extracted from peripheral blood with the use of Gentra PureGene Cell Kit. The Rag1 compound heterozygote mutations were identified by GeneDx, and the specific region was sequenced in patient and his parents with the use of primers Rag1 1304 to 1323 5Јforward-CATCTTCTGTCGCTGACTCG and Rag1 (1850-1870) reverse-AAG-GTCTTGGGATCTCAT GC. Amplification was performed with 35 cycles of denaturation (95°C, 45 seconds), annealing (50°C, 30 seconds), and extension (72°C, 30 seconds), and the PCR products were cleaned with ExoSAP-IT (Amersham Pharmacia Biotech). PCR products were then sequenced on the 3100 Analyzer Sequencer with the use of the Big Dye Terminator Cycle sequencing kit (Applied Biosystems Inc) and analyzed with Seqman software (Lasergene, DNASTAR).
Determination of recombinase activity level of wild-type and mutant RAG1
Generation of retroviral vectors. pBMN-RAG1-IRES-hCD2 (CD2 allowed cell sorting as described below in "Cell culture") was constructed by inserting the Rag1 coding region into the XhoI cutting site in the pBMN-IRES-hCD2 retroviral vector, which was derived from pBMN-IRES-GFP plasmid by exchanging the GFP with hCD2. The pBMN-RAG1(1566 G-T)-IRES-hCD2 and pBMN-RAG1(1621delC)-IRES-hCD2 were generated with the use of the Phusion Site-Directed Mutagenesis Kit (catalog #F-541S; NEB). The pMX-RSS-GFP/IRES-hCD4 (pMX-INV) retroviral vector has been described. 11, 12 Cell culture. Bone marrow was harvested from Rag1-deficient mice harboring the E-Bcl-2 transgene that were generated through crossing of Rag1-deficient mice and the E-Bcl2 transgenic mice. 13 Bone marrow cells from Rag1-/E-Bcl2 transgenic mice (Y.N.L., L.W., F.W.A., unpublished data) were cultured with the pMSCV-v-abl retrovirus to generate stable v-abl transformed pro-B cell lines. 14 Pro-B-cell lines (10 6 /mL) were infected with pMX-INV, from which 3 clones with single copy pMX-INV were selected and further infected with virus containing pBMN-RAG1/ RAG1 (1566 G-T)/RAG1(1621delC)-IRES-hCD2. 12 Cells were treated with 3mM STI571 (Novartis), an abl kinase inhibitor, for 96 hours to promote cell differentiation.
Cells with pMX-INV and pBMN-RAG1/RAG1 (1566 G-T)/ RAG1(1621delC)-IRES-hCD2 proviral integrants were isolated by magnetic bead sorting by human CD4 and human CD2 microbeads (Miltenyi Biotec GmbH) and analyzed by FACS for recombination-dependent expression of green fluorescent protein (GFP).
PBMC stimulation
PBMCs were isolated from heparinized blood with the use of standard Ficoll-Paque Premium (GE Healthcare) discontinuous gradient centrifugation. The PBMCs were washed twice with Hanks balanced salt solution without divalent cations and resuspended at 2 ϫ 10 6 /mL in RPMI containing 10% fetal calf serum (Hyclone). One hundred microliters of the cell suspension per well was cultured in a Costar no. 3596 96-well tissue flat-bottom culture plate (Corning). An equal volume of the following agonists (final concentration) was then added to separate wells: media, phytohemagglutinin (PHA; 1%; Invitrogen), lipopolysaccharide (200 ng/ mL; InvivoGen), phorbol 12-myristate 13-acetate (PMA; 100 ng/mL; Sigma Chemical) plus ionomycin (1M; Sigma Chemical), muramyl dipeptide, Staphylococcus aureus Cowan I (0.01%; EMD Chemicals), Pam3CSK4 (1 g/mL), heat-killed Listeria monocytogenes (108 cells/ mL), polyinosine-polycytidylic acid (poly I:C; 25 g/mL), flagellin (1 g/mL), imiquimod (1 g/mL), single-strand RNA (ssRNA40; 10 g/mL), and CpG DNA ODN2006 (5M; InvivoGen). Plates were incubated in a 37°C CO 2 incubator for 48 hours. After incubation, the tissue culture plates were then spun at 300g for 10 minutes. The harvested supernatant was analyzed for interleukin 1␤ IL-1␤), IL-2, IL-6, IL-8, IL-10, IL-12p70, interferon ␥, granulocyte-macrophage colony-stimulating factor, and tumor necrosis factor ␣ (TNF-␣) by multiplex cytokine analysis (Pro-Inflammatory Tissue Culture 9-Plex; MesoScale Discovery) with the use of a SECTOR Imager 6000 reader (MesoScale Discovery) per manufacturer's instructions.
Results

Patients
Subject P presented at 14 years of age after a 12-month history of loss of uvula and spontaneous tissue destruction that resulted in the erosion of his nasal septum and the extension of a pin-hole sized defect in his palate to a large area of his soft and hard palate ( Figure  1A left), as well as appearance of skin lesions on his feet. His past history included recurrent ear and sinus infections, IgG subclass 2 and 4 deficiency, and myasthenia gravis treated with ␥-globulin supplementation and pyridostigmine (a cholinesterase inhibitor), and followed by a thymectomy at 10 years of age. At presentation (14 years old), extensive workup confirmed AchR-ab positive MG; IgG2 and IgG4 deficiencies; normal frequencies of CD3 ϩ T cells, CD19 ϩ B cells, and NK cells ( Figure 1C-D) ; mild CD8 ϩ T-cell lymphopenia; normal human leukocyte antigen I and II expression; normal antibody production to tetanus toxoid; decreased antibody production to pneumococcal polysaccharide vaccine; and notable absence of other autoantibodies especially ANCAs, anti-dsDNA, and anti-RNA. Causes of midline destructive granulomatous disease that were considered include WG, NK/T-cell lymphomas, and cocaine abuse, but circulating ANCA was negative, and molecular pathology ruled out oligoclonal lymphocytes. In the absence of evidence to confirm a diagnosis of a specific primary immune deficiency, infection, or malignancy, patient P was treated for atypical WG. He responded to the empiric treatment with methotrexate and high-dose prednisone but failed to maintain control of disease with steroid-sparing immunomodulatory drugs, including infliximab, lenalidomide, sirolimus, and mycophenolate. Further rapid progression of the disease led to the formation of a nasal fistula, nasal collapse ( Figure 1A middle) , and inflammation of the epiglottis ( Figure 1A right) , causing critical airway compromise that prompted aggressive therapy with chemotherapeutic agents, cyclophosphamide and rituximab. Control of disease was improved with high-dose steroids, and maintenance oral prednisone 40 mg/d (0.5-1 mg/kg/d) generally appeared to halt progression of disease. Over the course of his illness, a disease pattern emerged with relapses of new granulomatous lesions often occurring after febrile events, which responded to temporary boosts in prednisone dose. The immunosuppressive agents however resulted in prolonged profound T-and B-cell lymphopenia, requiring ␥-globulin supplementation and antifungal and antibacterial prophylaxis. Recently, almost 3 years after the chemotherapy, a significant increase in CD3 T cells was observed, comprising almost entirely of memory CD3CD45RO memory cells, while B cells remain almost completely absent. The main medical events are summarized in Figure 1D . Given the report of granulomas in 3 girls with Rag mutations, we decided to sequence the Rag genes despite the unusual presentation. 14 Subject S, an older sister of patient P, had autoimmune cytopenias and antinuclear antibody-positive collagen vascular disease that was treated with steroid pulses from age 2 to 3 years. She died at 5 years of age as a result of staphylococcal pneumonia and sepsis. Ptosis that resembled her brother's myasthenia gravis was noted months before the sepsis. 
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Imaging studies
Computerized tomographic and magnetic resonance imaging studies showed extensive areas of destruction ( Figure 1B) ; marked swelling of the proximal pharynx, including the epiglottis, creating significant subglottic stenosis characteristically seen in WG ( Figure  1Bi ), and distended megacolon (Figure 1Bii) . A total body positron emission tomographic scan showed increased uptake at multiple sites, especially the palate (Figure 1Biii ), proximal airways, and colon (Figure 1Biv) , and some discrete foci on the lower legs, feet, and lungs (not shown). The areas of increased uptake on positron emission tomography correlated well with visible lesions, allowing a means to monitor disease activity.
TCR repertoire
The spectratype from patient P appeared diverse in most families and was similar to the pattern of a healthy control and was different from a representative patient with a poorly reconstituted X-linked SCID (Figure 2A) . However, the repertoire evaluated by FACS with the use of monoclonal antibodies specific for individual V␤ families in CD4 ϩ ( Figure 2B ) and CD8 ϩ ( Figure 2C ) cells showed that several V␤ families are underrepresented, whereas other families appeared clonally expanded ( Figure 2B-C) , especially in the CD8 ϩ T cells compared with healthy controls (n ϭ 80; Beckman Coulter). Sequencing of more than 200 of the amplified CDR3 PCR products from the patient showed similarly diverse clones as seen in a healthy volunteer.
Immunohistochemical analyses of biopsies
Multiple biopsies at various time points from many sites, including lymph node ( Figure 3A) , skin ( Figure 3C ), nasal turbinate, nasal septum, nasal tract, tongue, pharynx, cheek mass, and rectum showed acute and chronic granulomatous inflammation. In the skin, the inflammation was evident throughout the dermis and subcutaneous fat tissue with lymphohistiocytic infiltrates, epithelioid histiocytes, multinucleated giant cells, and extensive necrosis. The lymphocytic infiltrate was composed predominantly of CD3 ϩ T cells, with a preponderance of CD8 ϩ cells over CD4 ϩ cells, and no apparent CD20 ϩ B and CD56 ϩ NK cells. Multiple special stains failed to identify microorganisms at the sites of granulomatous destruction. In the biopsy of the tongue and pharynx, specific in situ hybridization for Epstein-Barr virus was negative, and, because of concerns about increased risk of malignancy, particularly a NK/Tcell lymphoma, molecular analysis for clonality of the infiltrating T cells on his tongue biopsy was performed. Because polyclonality was shown, the probability of malignancy was low.
The thymus removed from patient P at 10 years of age showed dysplastic features with fat replacement, loss of corticomedullary demarcation, and absence of Hassal corpuscles ( Figure 3D ). The thymic parenchyma was composed of moderate numbers of thymocytes, most of which displayed an immature blastic structure, distributed in a diffuse TEC network mainly composed of cytokeratin-5 and cytokeratin-8 double-positive immature TECs ( Figure  3D ). 15, 16 There was an absence of autoimmune regulator (AIRE) and claudin-4 (CLD4), a molecule normally expressed by mature medullary TECs (Figure 3D ), 17 showing a defect in TEC maturation. Immunostains for CD11c (data not shown), S-100, and Foxp3 highlighted a severe depletion of both medullary DCs and Foxp3 ϩ regulatory T cells compared with the normal thymus ( Figure 3D ). BDCA2, a marker of plasmacytoid DCs, was also virtually absent (data not shown). 18 The thymocytes were mostly double negative for CD4 and CD8 and lacked CD5 expression, with only a rare subset of CD8 or CD4 single-positive cells (data not shown). Histology of a lymph node showed well-formed reactive secondary B follicles and granulomas with multinucleated giant cells, compared with his sister's lymph node, which had no secondary B follicles but marked polyclonal plasmacytosis, with IgG in excess of IgA and IgM.
Rag genetic and functional analyses
Two heterozygous mutations were identified (Figure 4 ) in the single coding exon of the Rag1 gene (OMIM 179615, GenBank M29474.1) (Figure 4) , a G1566T missense mutation (at nucleotide 1566), resulting in a W522C replacement previously associated with atypical SCID/OS, 19 and a novel single nucleotide deletion at 1621delC, resulting in a frameshift starting with L541C to create a premature stop codon after 30 residues of a new reading frame, denoted as L541CfsX30 ( Figure 4B ). Sequencing of his parents identified L541CfsX30 and wild0type in his mother, whereas the missense mutation was identified in his father ( Figure 4A) . To measure the level of Rag1 activity in cells expressing these mutant forms, we used an Abelson-transformed rag1-deficient pro-B cell line that contained a single integrant with an inverted GFP flanked by RSS ( Figure 4C ). On infection with a Rag1-expressing vector, exposure of the cells to STI-571, an inhibitor of abl kinase, stimulates cell differentiation and induces Rag protein expression, resulting in rearrangement and GFP detection proportional to the level of Rag activity ( Figure 4D ). Compared with wild-type Rag1, the 1621 delC mutant was completely inactive, whereas the G1566T missense mutation retained approximately 50% of normal Rag activity ( Figure 4D ).
Cytokine responses to stimulation
Although defective Rag1 function could explain some of the clinical findings in this patient, a dysregulated inflammatory response was also noted. In vitro stimulation of the patient's PBMCs with a variety of stimulants was repeated several times BLOOD, 26 AUGUST 2010 ⅐ VOLUME 116, NUMBER 8 For personal use only. on June 11, 2017 . by guest www.bloodjournal.org From over 3 years, and the resulting cytokine production was measured ( Figure 5 ). For most cytokines, repeated evaluation of the responses of patient P's PBMCs did not differ significantly from the healthy controls (n ϭ 50). In contrast, significantly elevated levels of IL-1␤ were observed after stimulation with PHA or poly I:C (P Ͻ .001 and P ϭ .022, respectively; Figure 5A ), but they were significantly reduced in response to other stimulants such as Pam 3 CSK 4 and L. monocytogenes (both P ϭ .02). Interestingly, IL-8 levels were also significantly elevated greater than 2-to 3-fold in response to many stimulants, in particular, PHA, phorbol 12-myristate 13-acetate, and ssRNA, as was tumor necrosis factor-␣ production to PHA (P Ͻ .001), compared with healthy controls (Figure 5B-C) . Other cytokines were either not signifi- cantly different or were reduced compared with the healthy controls.
Discussion
We describe a novel cause of a DMG disease as a result of hypomorphic Rag 1 mutations. The cause of DMG based on clinical and pathology findings of progressive, necrotizing granulomas resulting in tissue destruction involving the midface, oropharynx, and upper airways include a spectrum of inflammatory and infectious diseases, of which WG and NK/T-cell lymphomas are the most common. Patient P displayed subglottic stenosis, a saddle-nose deformity, and progressive granulomatous destruction of his palate, uvula, and nasal septum typically seen in WG. The absence of clonal T or NK cells generally rules out a malignancy, although an increasing number of patients with "idiopathic midline granulomatosis" are associated with latent development of NK/Tcell malignancies. Hypomorphic mutations in many genes, including ␥c, Rag1 and Rag2, IL7R, and DNA crosslink repair-1C (DCLRE1C), may result in the syndrome of SCID or OS as defined by early-onset depletion of lymphoid cells and immune deficiency resulting in susceptibility to infections. Patient P's presenting features at a relatively older age at initial assessment at 14 years of age, the normal numbers of CD3 ϩ , CD19/CD20 cells, normal total IgG levels, and a relatively diverse TCR repertoire were not supportive of a SCID or OS diagnosis. The dysregulated hyperinflammation in this Rag 1-deficient phenotype expands the currently known Rag-deficient clinical spectrum ( Figure 6 ). Granulomas have been reported in primary immunodeficiencies, including chronic granulomatous disease, 20 Blau syndrome, 14 Rag1/Rag2, 21 common variable immunodeficiency, 22, 23 and Nijmegen syndrome, 24 although generally not associated with extensive tissue destruction as observed in patient P.
Both mutations disrupt catalytic domain of Rag1; the W522C missense mutation was previously associated with atypical SCID/ OS 19 and the novel deletion at 1621delC resulting in a frameshift starting with L541C and premature truncation (denoted L541CysfsX30). These mutations were confirmed in the parents with the L541CfsX30 mutation in the mother and the W522C missense mutation in the father ( Figure 4A ). Because neither parent displayed obvious signs of disease, neither of these mutations is apparently dominant negative in the presence of a wild-type Rag1 allele. Given the autoimmune cytopenias and early death of patient P's sister, she probably carried the same mutations, although her phenotype appears somewhat different. Variability in phenotypes from the same mutations in Rag even within the same family is well-recognized, [25] [26] [27] highlighting the importance of environmental factors influencing the disease manifestation.
In vitro assessment of the Rag mutants present in this patient showed recombinase activity at approximately 50% of normal with the W522C mutation and undetectable in L541CysfsX30. Up to 30% of normal Rag1 activity has been reported from some hypomorphic Rag mutations. 21 The residual recombinase activity in this patient's cells may explain his relatively mild phenotype that permits adequate recombination to generate overall normal numbers of lymphocytes, including sufficient B cells to produce normal numbers of B cells and specific antibody production. It is of interest that his IgG2 and IgG4 subclasses were deficient, and his response to polysaccharide vaccines was impaired.
Thymic dysplasia is a hallmark of primary immune deficiencies with a defect in early stages of T-cell development and often includes disruption of thymic architecture, loss of corticomedullary differentiation, absent of Hassall corpuscles, and absent DCs. 28 More recent studies of thymic disorders from a broader spectrum of patients suggested a correlation between the degree of thymic dysplasia and the severity of the T-cell defect. 18 Very early disruption of T-cell development, as seen in null mutations of ␥c, results in a depleted and dysplastic thymus, 28 whereas thymic structures that ranged from dysplastic and nondepleted to nearly normal were observed in hypomorphic mutations of ␥c or Rag1/ Rag2. 18, 29, 30 Patient P had a nondepleted and dysplastic thymus with immature thymocytes, relatively normal numbers of circulating T and B cells, as well as total IgG level. Despite the abnormal thymic histology, he had a relatively diverse TCR repertoire, suggesting that the residual recombinase functional activity (Յ 50% of normal) is probably capable of supporting a diverse repertoire. An alternate possibility is that spectratyping has a limited ability to detect subtle abnormalities in the TCR repertoire. There is a suggestion of slight skewing of a few V␤ families by flow. Sequencing of 200 individual CDR3 clones failed to detect a difference in polyclonality; however, it is possible that additional sequencing may yet show differences in his repertoire compared with normal. The lack of AIRE and Foxp3 ϩ regulatory cells (as noted in patient P's thymus) has been reported in patients with OS 31 and Rag2R229Q murine models. 32 Given AIRE's role in promoting clonal deletion of self-reactive thymocytes, dysfunctional thymic negative selection may explain the myasthenia gravis in patient P and the autoimmune cytopenias in patient S and other patients with hypomorphic Rag. [33] [34] [35] [36] [37] [38] Myasthenia gravis has not been reported previously in patients with OS or those possessing other Rag mutations.
Over the course of his disease, new granulomatous lesions frequently appeared after febrile episodes that involved his skin, tongue, mucosal membranes, oro-and naso-pharynx, and eye. No infectious cause was identified, and these lesions typically improved with steroid pulses, although not always with complete resolution. The selective exaggerated responses of IL-1␤ and IL-8 production particularly in response to viral mimetics such as poly I:C and ssRNA and the T-lymphocyte stimulant, PHA, corresponded to the clinical pattern of relapses in patient P. Systemic viral infections such as cytomegalovirus and varicella can alter disease phenotype as can Epstein-Barr virus-associated lymphoma in Rag-deficient patients, 27, 39, 40 suggesting that the responses to viral antigens in hypomorphic Rag deficiency may be dysregulated; thus, environmental factors potentially play an important role as a disease modifier (Figure 6 ). IL-1 ␤ is a potent inflammatory mediator, and elevated levels of IL-1␤ have been associated with autoinflammatory diseases [41] [42] [43] in which inflammatory destruction of bone and cartilage is noted. In these autoinflammatory diseases, the patients may be successfully treated with anakinra, an IL-1 receptor antagonist. 42 This may be a potential agent to consider for patient P for control of future hyperinflammatory complications while considering stem cell transplantation, when an appropriate donor becomes available. The progressive destruction involving critical anatomic sites with the potential of intracranial extension in patient P led to aggressive empiric treatment, including cyclophosphamide and rituximab. This resulted in persistent profound T-and B-cell lymphopenia (now Ͼ 3 years after treatment). Rituximab is increasingly used in treating autoimmunity in patients with primary immune deficiencies to deplete potentially pathogenic B cells. 44, 45 However, perhaps, depending on the underlying immune defect, long-term B-cell lymphopenia, as seen in patient P, may be a potential adverse effect to be taken into consideration before treatment. 46, 47 Current standard treatment that offers potential correction for SCID is hematopoietic stem cell transplantation, although the outcome varies depending on the underlying genetic mutation, age, concurrent infections, and donor stem cell source. For patient P, nonfavorable include his previous thymectomy, the lack of a healthy matched sibling donor, and his relatively older age. The absence of a thymus will delay and may impair immune reconstitution, a problem that is further compounded if a cord blood donor is used. Hematopoietic stem cell transplantation for complete DiGeorge was reported with a combined mortality rate of greater than 40%. [48] [49] [50] [51] In summary, our report of a distinct Rag-deficient phenotype characterized by granulomatous inflammation and autoimmunity, with a relatively normal number of T-and B-lymphocytes and normal TCR repertoire, expands the spectrum of clinical pathology associated with Rag deficiency. In addition to defective central tolerance and peripheral regulation, our data suggest that dysregulated hyperinflammatory responses to viral antigens can lead to destructive granulomatous destruction, thus adding hyperinflammation to the current known Rag-deficiency features of infection and autoimmunity ( Figure 6 ).
